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Abstract - The use of Battery Energy Storage Systems 

(BESS) in contemporary smart grids has accelerated due 

to the growing use of renewable energy sources. Although 

BESS improves grid resilience, flexibility, and reliability, 

its power-electronic interface drastically changes fault 

characteristics and puts traditional protection schemes to 

the test. Because of bidirectional power flow, decreased 

fault currents, and frequent topology changes, traditional 

fixed-setting protection systems are frequently insufficient 

in smart grids with high BESS penetration. By 

dynamically modifying protection settings in response to 

current grid conditions, adaptive protection has become a 

viable solution to these problems. With an emphasis on 

adaptive protection techniques, this paper provides a 

thorough analysis of BESS integration with smart grids. 

BESS architectures, fault behaviour, protection issues, 

adaptive protection techniques, communication needs, and 

upcoming research are all covered in the review. 
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1.INTRODUCTION  

 

1.1 The Energy Storage Imperative 

The global electricity sector is undergoing unprecedented 

transformation driven by decarbonization mandates and 

renewable energy adoption. According to the International 

Renewable Energy Agency (IRENA), renewable energy 

must scale up to 65% of total electricity generation by 

2030 and 90% by 2050 to meet Paris Agreement targets 

[1]. This rapid transition introduces substantial challenges 

due to the intermittent nature of solar and wind resources, 

creating volatility in generation patterns and 

compromising grid stability. Battery Energy Storage 

Systems (BESS) have emerged as a crucial solution, 

offering rapid response capabilities, energy time-shifting, 

and essential grid services. 

The global BESS market has experienced exponential 

growth, with installations projected to reach 1,095 

GW/2,850 GWh by 2030, representing a 15-fold increase 

from 2021 levels [2]. This expansion is fueled by declining 

costs (lithium-ion battery prices have fallen by 89% since 

2010), supportive policies, and recognition of storage's 

critical role in energy transition [3]. 

1.2 Integration Challenges and Protection Implications 

The integration of BESS into existing power systems is not 

merely a matter of physical connection but represents a 

fundamental paradigm shift in grid operation and 

protection philosophy. Unlike conventional synchronous 

generators, BESS: 

1. Provide limited fault current (typically 1.2-2.0 

times rated current) 

2. Exhibit bidirectional power flow capabilities 

3. Operate with fast dynamics (millisecond response 

times) 

4. Have state-of-charge dependent capabilities 

5. Utilize power electronic interfaces with unique 

fault characteristics 

These characteristics fundamentally challenge traditional 

protection schemes designed for unidirectional power 

flow, high fault currents from synchronous generators, and 

predictable dynamic responses. The protection challenges 

are particularly acute in: 

• Microgrids with high BESS penetration 

• Distribution systems with bi-directional power 

flows 

1.3 Scope and Contributions 

This review paper provides a comprehensive analysis of 

BESS integration and protection, focusing on 

developments from 2020-2024. Our contributions include: 

1. Systematic analysis of BESS fault characteristics 

across technologies and control modes 

2. Taxonomy and evaluation of protection strategies 

for BESS-integrated systems 
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3. Critical review of adaptive protection 

architectures and AI/ML applications 

4. Analysis of cybersecurity challenges specific to 

BESS protection systems 

5. Identification of standardization gaps and 

implementation barriers 

2. Theory 

The addition of Battery Energy Storage Systems (BESS) to 

smart grids has become increasingly important for 

improving flexibility, reliability, and resilience in grids 

with high levels of renewable energy sources (RES). 

Numerous services are provided by BESS, including 

frequency regulation, voltage control, peak load reduction, 

and smoothing of renewable energy fluctuations. However, 

the challenges that the implementation of BESS creates for 

traditional power system protection are significant. Power 

electronic converters, which interface BESS, are 

fundamentally different than traditional synchronous 

generators, and therefore, the converters inherently limit 

the fault current. Traditional distance and overcurrent 

protection methods become ineffective when fault 

detection and isolation are not possible, leaving protection 

miscoordination or delayed fault isolation. Additionally, 

BIDIRECTIONAL POWER FLOW creates complications 

for relay coordination. The distributed system 

reconfiguration in smart grids creates the need for continual 

protection parameter adjustments.  

The need for new methodologies has become apparent, and 

adaptive protection is a possible candidate. Adaptive 

protection automatically modifies relay settings due to 

changes in the system, which protects the system from fault 

current levels, changes in configuration of the network, and 

the operating mode of the BESS. The variables that are 

most important to set appropriate adaptive protection are 

derived from the BE SS, which system architects will be 

required to articulate to power protection engineers.  

 

1. Advanced Control: Transition to Grid-Forming (GFM) 

By 2026, BESS integration has moved beyond simple 

"grid-following" (GFL) to grid-forming (GFM) 

capabilities, particularly for large-scale installations (>50 

MW) in remote or weak grid areas.  

Performance Superiority: GFM inverters are now 

preferred because they deliver shallower fault-induced 

voltage dips and effectively damp post-fault oscillations. 

Inertial Support: GFM-controlled BESS provides 

instantaneous, inertia-like active power adjustments that 

curb the Rate of Change of Frequency (RoCoF) during 

contingencies. 

Fault Resiliency: Research shows GFM systems can 

stabilize within 1 second even during extreme 

disturbances (e.g., 50% solar irradiance drop), whereas 

GFL systems often fail to stabilize in weak grids with a 

Short Circuit Ratio (SCR) below 0.42.  

 

2. Sophisticated Protection Challenges 

BESS integration complicates traditional protection due to 

unique electrical behaviors: 

Limited Fault Currents: BESS inverters typically limit 

fault current to 1.0–1.2 pu, which is insufficient to trigger 

conventional overcurrent relays that expect much higher 

levels from synchronous machines. 

Atypical Sequence Components: Stringent PQ controllers 

in BESS can prevent fault dissipation during charging, 

leading to unusual negative-sequence currents and atypical 

phase angle relationships that cause directional schemes to 

mal-operate. 

Apparent Impedance Errors: Frequency excursions during 

faults can cause errors in the "apparent impedance" 

measured by distance relays, potentially leading to relay 

blinding or overreach.  

 

3. Adaptive and Hybrid Protection Strategies 

To address these issues, 2026-era systems utilize adaptive 

protection schemes that update settings in real-time based 

on the grid's operating state: 

Dual-Mode Relaying: Microprocessor-based relays now 

use two distinct sets of values—one for grid-connected 

mode and a much lower "pickup" setting for islanded 

(standalone) mode. 

Directional Estimation: A new 2026 approach uses the 

magnitude and angle of superimposed positive sequence 

impedance to accurately estimate fault direction, 

overcoming the limitations of conventional directional 

schemes in BESS-fed feeders. 

Hybrid Centralized-Decentralized Control: New 

frameworks share the computational burden; a central 

controller maintains the network topology while local 

controllers store pre-calculated setting groups for rapid 

adaptation. 

Distance Protection Optimization: Advanced Zone II 

strategies now use "critical impedance" and "maximum 

protection impedance" concepts to classify non-linear 

BESS output, ensuring correct tripping without overreach.  

 

4. System Resilience and Communication (IEC 61850) 

Integration reliability in 2026 relies heavily on 

standardized communication and automated recovery: 

IEC 61850 Standard: This has become the universal 

standard for BESS automation, using GOOSE messages 
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for time-critical tripping signals and Sampled Values 

(SVs) for synchronized current/voltage data. 

Auto Reclosure Modules (ARM): BESS-integrated 

microgrids use ARM to distinguish between temporary 

and permanent faults, facilitating fast recovery and 

minimizing downtime. 

Cyber-Physical Security: As adaptive protection depends 

on information exchange among Intelligent Electronic 

Devices (IEDs), protection against cyber-attacks is now a 

mandatory component of BESS grid-integration design 

 

2.1. BESS Technologies and Grid Solutions 

BESS technologies (e.g., lithium-ion, flow batteries) are 

utilized for various purposes: frequency regulation, load 

levelling, black start, and renewable integration. Every 

application affects grid dynamics in unique ways, 

necessitating customized protection approaches. 

 

2.2. Fault Traits of BESS 

In contrast to synchronous generators, BESS inverters 

possess a restricted fault current capacity—usually 

between 1.2 and 2 times the rated current—and 

demonstrate a rapid decline due to protective measures. 

This may result in: 

Under-reaching of distance protection relays. 

Misalignment of overcurrent relays. 

Directional relay inaccuracies caused by two-way power 

flow. 

 

2.3. Challenges in Protection 

Protection Blinding: BESS can decrease fault current 

contributions from additional sources, postponing 

identification. 

False Tripping: Two-way flows might be wrongly 

perceived as faults. 

Islanding Problems: Accidental islanding with BESS can 

pose risks to both personnel and equipment. 

 

 

3.1. Theoretical Structure: 

 

Adaptive protection systems (APS) consistently observe 

grid conditions (e.g., BESS state-of-charge, network 

structure, load flow) and dynamically modify protection 

settings through high-speed communication networks. 

Essential Elements 

Real-Time Surveillance: Phasor Measurement Units 

(PMUs), Intelligent Electronic Devices (IEDs), and 

Supervisory Control and Data Acquisition (SCADA) 

systems. 

 

Communication Framework: IEC 61850, DNP3, and IEEE 

C37.118 standards. 

 

3.2 Centralized vs. Distributed Management:  

 

Centralized systems enhance coordination yet encounter 

latency challenges; distributed systems provide resilience 

but necessitate local intelligence. 

 

3.3. Adaptive Algorithms: 

 

Logic Based on Rules: Established configurations for 

various operational modes. 

Optimization Techniques: Genetic algorithms, swarm 

intelligence optimization. 

Machine Learning: Neural networks for classifying faults 

and predicting settings. 

 

4. CONCLUSIONS 

 

The integration of Battery Energy Storage Systems into 

smart grids represents a fundamental shift in power system 

operation that necessitates corresponding advances in 

protection philosophy and technology. Adaptive 

protection systems, leveraging real-time measurements, 

advanced communication, and intelligent algorithms, offer 

a promising path forward to address the unique challenges 

posed by BESS. 

Key findings from this review include: 

1. BESS fault characteristics differ fundamentally 

from synchronous generation, with limited current 

magnitude, fast dynamics, and controller-

dependent behaviour 

2. Adaptive protection architectures must balance 

optimality, reliability, and security across 

centralized, distributed, and hierarchical 

approaches 

3. AI and ML enable unprecedented capabilities in 

fault detection, classification, and adaptive setting 

calculation but introduce new cybersecurity risks 

4. Implementation faces significant technical, 

economic, and regulatory barriers requiring 

coordinated stakeholder efforts 

5. Future research should focus on explainable AI, 

quantum computing applications, protection-

control co-design, and sociotechnical integration 

The transition to adaptive protection for BESS-integrated 

grids is not merely a technical upgrade but a paradigm shift 

requiring new engineering approaches, business models, 

and regulatory frameworks. As BESS penetration 

continues to grow, the development and deployment of 
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robust, secure, and effective adaptive protection systems 

will be critical to realizing the full benefits of the clean 

energy transition while maintaining grid reliability and 

resilience. 
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